In this paper we discuss a possible cosmological time evolution of fundamental constants from the theoretical and experimental point of views. On the theoretical side, we explain that such a cosmological time evolution is actually something very natural which can be described by mechanisms similar to those used to explain cosmic inflation. We then discuss implications for grand unified theories, showing that the unification condition of the gauge coupling could evolve with cosmological time. Measurements of the electronto-proton mass ratio can test grand unified theories using low energy data. Following the theoretical discussion, we review the current status of precision measurements of fundamental constants and their potential cosmological time dependence.
Introduction
The interest in a the cosmological time evolution of physical laws or of constants of nature has a long history dating back to Dirac's large number hypothesis.
1, 2 More recently, there has been conflicting information coming from astrophysical observations using distant quasars: the Keck/HIRES group 3 claims to have discovered a time variation of the fine structure constant on the level of 5σ, while the VLT/UVES group 4 claims to see no sign of such a time variation, see e.g. 5 for a recent review. Both observations are using quasars at similar distances from Earth.
Given the potentially conflicting observational situation laboratory based experiments may provide further information about the constancy of physical constants. In this article we explain how a cosmological evolution of fundamental constants can occur without the need for a violation of Lorentz invariance or violations of the equivalence principle. We will show that whenever a scalar field roles down a potential, and when this scalar field vacuum expectation value fixes some of the physical parameter, one can expect some cosmological evolution of these parameters. In that sense, a time variation of physical constants is not something unexpected. It can be explained with very well understood physics. We shall then discuss how a cosmological evolution of physical constants could probe grand unified theories using very low energy physics. Then we describe experiments designed to test the time variation of the fine structure constant or of the ratio of the electron mass to the proton mass.
Theoretical motivations

Cosmological evolution of physical constants
Fundamental theories of physics are based on the notion of symmetries which enable one to classify particles according to the representations of the Lorentz group and their interactions according to representations of gauge groups. While symmetries are rather restrictive and constraining on the type of interactions between the particles which can be introduced in the model, the strength of these interactions and the masses of such particles are free parameters. These leads to a plethora of fundamental constants. Within the standard model of particle physics, there are 28 fundamental parameters (note that 22 of these parameters are needed to describe fermion masses). In this number we have not counted the speed of light c or Planck's constant . The number of fundamental constants is even larger if we include other cosmological parameters such as the cosmological constant or the non-minimal coupling of the Higgs boson to the Ricci scalar.
Modern theories of nature are based on renormalizable quantum field theories. Within this mathematical framework, it is impossible to calculate the value of the coupling constants from first principles. There is one class of models 6 with no free parameters, but these models are an exception and they are far from describing the real world. Within typical gauge theories, coupling constants are renormalized and depend on the energy scale at which they are probed. Because quantum gravity does not seem to be described by a renormalizable quantum field theory, extensions such as non-commutative geometry 7 or string theory 8, 9 have been considered. While it is difficult to make the link between these models and experiments, they are interesting because because within these models some, if not all, fundamental constants are in principle calculable. In particular, in string theory, coupling constants are fixed by the expectation values of moduli, which are scalar fields, and are thus, at least in theory, calculable.
When a coupling constant is fixed by the expectation value of a scalar field, it is natural to expect a cosmological evolution of the value of this parameter. This can be best illustrated by considering the model of Higgs inflation. 10, 11 In the Einstein frame, the part of the action which describes the scalar field sector of the model and the general relativity is given by where χ is the Higgs field in the Einstein frame. The scalar potential U (χ) is given
with
and
In this model one assumes that the non-minimal coupling ξ of the Higgs boson to the Ricci scalar is large. For small values of h (equivalently of χ), U (χ) approaches the usual Higgs potential. However, for large values of h ≫ M P / √ ξ, the potential is exponentially flat. In the Higgs inflation model, one assume that the universe starts with a large Higgs field which rolls down the exponentially flat potential, thereby inflating our universe, before settling down at the minimum of the potential at its current value v = 246 GeV.
It is interesting to note that the masses of the fermions and gauge bosons
are dependent of the value of the background Higgs field while the QCD term in the Lagrangian remains invariant
This implies that the electroweak masses scale changes with the cosmological evolution of the Higgs boson while the QCD mass scale is independent of the cosmological evolution. The cosmological evolution of the Higgs field would lead to a cosmological time dependence of the ratio
where m e is the electron mass and m p is the proton mass which is essentially determined by the QCD scale. This model illustrates how dimensionless ratios of scales can have a cosmological evolution. Also a "spatial" dependence of a fundamental coupling constant could be due to the evolution of a scalar field in a potential in some parts of the universe while the same scalar field has already reached the minimum of the potential in another part. Clearly, inflation is a phenomenon which took place very early in the history of our universe and it ended very soon after the big bang. But it is conceivable that some moduli, not responsible for inflation, are still evolving and thereby leading to a cosmological evolution of some of the parameters of the standard model today which could be observable in laboratory based experiments.
Let us stress that it is crucial to differentiate cosmological evolution from time dependence. Coupling constants must be Lorentz scalars. There are very tight bounds on Lorentz violation, see e.g. 12, 13 However, a cosmological evolution does not imply Lorentz violation, as shown in the example above. Another example is the model called quintessence, see e.g.
14 Within the standard model of particles, there are many quantities which could have a cosmological evolution but it is difficult predict the variation of the fundamental constants. However, there is a class of models which predicts relations between some of the fundamental constants. These grand unified theories could be tested by measurements of the cosmological evolution of some of its parameters.
Grand unification and cosmological time evolution of physical parameters
Grand unified theories 15, 16 are very attractive as they tend to reduce the number of fundamental constants. We will show that a cosmological evolution of a Higgs boson multiplet in a grand unified theory could lead to a modification of the unification condition for the gauge couplings of the model. Measurement of a cosmological evolution of the electron-to-proton mass ratio would probe the nature of the grand unified theory.
Cosmological time evolution of the unification condition
LEP data indicates that the gauge couplings of the standard model do not meet into one point at the unification scale. 17 Could our universe have started from a more symmetrical state in which all gauge couplings unified at the unification scale? Let us consider operators of the type
whereM P is the reduced Planck mass (2.43 × 10 18 GeV), c is a Wilson coefficient of order unity, G µν is the grand unified theory field strength and Φ is a scalar multiplet. The effects of such operators have been considered before, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] where it was shown that these operators lead to a modification of the unification condition. Here we propose that the unification condition could have a cosmological time evolution.
Let's consider SU(5) grand unification with the multiplet Φ in the adjoint representation. The adjoint Higgs field has a vacuum expectation value H = M X (2, 2, 2, −3, −3) / √ 50πα G , where M X is the unification scale, α G is the value of the SU(5) gauge coupling at the unification scale. The operator (8) modifies the kinetic terms of the SU(3)×SU(2)×U(1) gauge bosons: with
A finite field redefinition
µ leads to the familiar form for the kinetic terms. The corresponding redefined coupling constants g i → (1 + ǫ i ) −1/2 g i are observed at low energies. In terms of the observable rescaled couplings, the unification condition reads:
Let's now imagine that the adjoint Higgs roles down a potential in analogy to the Higgs inflation model discussed above. Effectively this account for M X to have a cosmological evolution and we can see immediately how the unification condition could change with time. Depending on the value of the Wilson coefficient, we could have had a numerical unification of the gauge coupling at the birth of universe which is now spoiled by the evolution of M X .
A Time Variation of Proton-Electron Mass Ratio
Measurements of the proton-electron mass ratio could be used to probe grand unified theories. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] We will work at the one loop level and ignore possible cosmological time variations of Yukawa couplings and of Higgs boson masses. Within these approximations, we only have two parameters: the unification scale M X and the unified coupling constant α G . The proton mass is determined mainly by the QCD scale and thus quark masses can be neglected. We focus on the QCD scale Λ QCD and extract its value from the Landau pole of the renormalization group equations for the couplings of the supersymmetric standard model:
where the parameters b i are given by
. The QCD scale is given by
The time variation of Λ QCD is then determined bẏ
For a constant electron mass this equation determines the ratio ∆µ µ :
Note that a measurement of the time variation of the electron-to-proton mass ratio provides a direct determination of the time dependence of the unified coupling constant:α
since this relation is renormalization scale invariant.
Experimental Status
As described in the previous sections, there are compelling theoretical arguments for a cosmological evolution of fundamental constants. In addition, spatial variations seem to be possible. In order to be able to measure these possible changes, it must be possible to relate these constants to measurable quantities. In addition, due to the expected small scale of these potential changes, the accuracy of these quantities must be very high. By measuring these quantities over time, an evolution of fundamental constants can be detected. Currently, there are two approaches to probe temporal variations. Firstly, fundamental constants can be deduced from observations or measurements of naturally occurring phenomena in the distant past. While these type of measurements often suffer from the lack of knowledge of the environmental conditions, they have a significant role as they provide access to the values of fundamental constants over long time scales.
One of the first constraints on the fine structure constants comes from this type of approach: analyzing the abundance of specific isotopes in a naturally occurring fission reactors, the Oklo phenomenon (e.g. 42, 43 ). The measured variations of −0.9 · 10 −7 < ∆α α < 1.2 · 10 −7 42 for the early data analysis and −0.24 · 10 −7 < ∆α α < 0.11 · 10 −7 44 for a more recent analysis are consistent with no variation of the fine structure constant over an time of about 1.8 · 10 9 years. In order to deduce α from the measured isotope abundances, several assumptions have to be made such as the details of the geometry, the neutron spectrum or the quality of the extracted samples. These contribute to the error of the measured variations. Similarly, by investigating the decay of radio-isotopes in meteorites, Dyson 45 measured a variation in α of ∆α α < 4 · 10 −4 which corresponds to a limit of the linear change of α α < 2 · 10 −13 yr −1 . Both methods for deducing the fine structure constant from the measured data rely on a set of assumptions and on the model of the nuclear phenomena. The currently best constrains on the variations of fundamental constants over long time scales come form astronomical observations which will be discussed in more detail below. The second approach to test temporal variations of fundamental constants is to employ laboratory based precision measurements. Due to the unparalleled control over the environmental conditions, laboratory based measurements are ideal tools to determine the current value of fundamental constants. By measuring over a longer time period, their changes can be probed. However, due to the limited accessible time interval, the detectable rate of change is limited. Nevertheless, laboratory based measurement provide important information about possible variation in our epoch.
The currently most stringent constrains on variations of fundamental constants relies their effect on the atomic and molecular structure. While effects of the weak force haven't been demonstrated with such systems due to the tiny impact, the electromagnetic and strong interactions have profound impacts on atomic and molecular systems. Thus the internal energy level structure and therefor the atomic and molecular transitions are prime candidates for measuring changes of fundamental constants. In order to characterize the sensitivity of atomic or molecular transitions with respect to the changes ∆α and ∆µ in α and µ, relative sensitivity parameters K α and K µ are introduces as follows:
with the fractional frequency variation ∆f f of a given transition. To detect variation in α or µ the frequency of transitions with different sensitivities must be employed so that a frequency change can be measured. However, for spectroscopy the absolute sensitivity q of an atomic transition is often more important. It is related to the relative sensitivity through:
with the transition frequency f .
Fine structure constant
The fine structure constant determines directly the energies of electronic states of atoms and molecules with the electronic transition frequency of the gross structure scaling with the Rydberg constant R ∞ , the fine structure with R ∞ · Z 2 · α 2 and the hyperfine structure with
Here Z denotes the nuclear charge and g i the nuclear gyromagnetic factor. In general, electronic fine structure transition frequencies can be approximated by ν fs ∝ R ∞ · F fs (α) 47 in which F fs (α) is a dimensionless function which takes the internal structure into account. Similarly, hyperfine transitions can be expressed as ν hfs ∝ R ∞ · F hfs (α) · g i · µ with the dimensionless function F hfs (α). The functions F fs (α) and F hfs (α) depend on the details of the atomic structure and have been calculated ab inito for a range of transitions (e.g. [48] [49] [50] [51] [52] ). Some transitions such as the hydrogen 1s-2s transition and the 1 S 0 → 3 P 0 transition in 27 Al + have a very small α dependence and can serve as anchors for reference measurements. Other transitions exhibit large sensitivities. For example, rare earth atoms and ions have been shown to posses relative sensitivities of up to 100,000. 53 Similarly, highly charged heavy atomic ions are highly sensitive to changes in α, 54 due to the dependence of the sensitivity on the nuclear charge and the ionization potential. With an absolute sensitivity coefficient of 355,000 cm −1 for the 5f 2 (J = 4) → 5f 6p(J = 3) transition Cf 16+ has been suggested to have the largest known sensitivity. Unfortunately, these systems are very hard to work with in an laboratory experiment due to their large charge and complex level structure. Furthermore, they are unavailable for astronomic observations. Comparing highly sensitive transitions with anchor transitions over extended time periods provide a measurement of variation of fundamental constants.
Employing spectroscopic methods to detect possible variations of fundamental constants gives access not only to ultra-precise laboratory measurements but also to possible changes in constants in the distant past through astronomical observations. Observing the absorption spectrum of interstellar clouds possible changes of the fine structure constant have been investigated. Taking advantage of a multitude of atomic transitions of different species, the environmental condition of the absorption medium can be probed with some anchor transitions such as in MgI and MgII. Measuring sensitive transitions within the same medium allows then to extract potential changes in α. Observing the light emission from several quasars and looking at the absorption spectrum in interstellar clouds, values for possible variations in α at different red-shifts and thus look back times have been measured at the Keck telescope 
57
However, this discrepancy may be a result of a spatial variation of α. 56 Alternatively to employing multiple species, different transitions within one atomic species can be employed. For instance, one transition with a low α sensitivity is employed to probe the environmental condition while the fine structure constant is measured with another transition. In this way several systematic uncertainties are reduced which results in a significant improvement of the measured variations. Several observations have been performed resulting in 
58, 60
Even though astronomical observations allow access to large look back times and remote locations of the universe, the errors due to the uncertainty in the environmental parameter of the absorption medium and systematic uncertainties limit the minimal detectable change in α to currently ∆α α max < ±1.6 · 10 −6 . 56 With long look back times and the possibility to probe remote areas of the universe astronomical observations are best suited to detect remnants of the cosmological evolution of fundamental constants. Even though most of this evolutions is likely to be confined to the epoch of inflation, there may be some residual drift still present at accessible red shifts. Even today, fundamental constants may vary. Due to the unparalleled control over the environmental conditions, lab based high resolution spectroscopy of atomic transitions are attractive systems to measure changes of fundamental constants. Event though the 'look back time' of these systems is limited to a few years, the achievable accuracy makes the detection of variations with laboratory based experiments feasible. In addition to temporal changes, spatial variations can be probes due to the earth's motion through the universe. Berengut 61 et al., for example, predict that the earth is moving towards an area of higher α. In the last years, there have been a large range of different laboratory experiments to probe variations in α. Comparing hyperfine transitions in rubidium and cesium, S. Bize et al. 62 have measured an upper bond of changes in
. By comparing transitions of various chemical elements with the cesium atomic clock, constrains on variations of fundamental constants can be improved. Due to the hyperfine reference transition of cesium, the frequency ratios are always codependent on the nuclear magnetic moment and the electron-to-proton mass ratio. Employing two different transitions within 171 Yb + ions and comparing them with a cesium atomic clock, constrains on the electron-to-proton mass ratio as well as on the fine structure constant have been recently determined. 63, 64 The resulting variatioṅ 
Electron-to-proton mass ratio
While atomic and molecular electronic gross and fine structure transitions are sensitive to variations of the fine structure constant, their dependence on the electron-toproton mass ratio is comparably small. Typical relative sensitivity parameters are on the order of 10 −2 . By measuring frequency ratios between hyperfine and other atomic transitions, limits on the variation of g Cs µ can be determined by taking other constrains of α variations into account. Apart from hyperfine transitions in atoms, molecules offer another access to the electron-to-proton mass ratio through ro-vibrational transitions. While the pure electronic transitions in molecules, similar to atoms, have a sensitivity coefficient K µ on the order of 1%, vibrational transitions and rotational transitions have a sensitivity of -1/2 and -1 respectively. Several molecular species have been proposed for measuring potential variations in µ, e.g.
67-71
Exploiting near degeneracies between ro-vibrational and electronic levels the sensitivity can be significantly enhanced.
72 E.g. utilizing the near degeneracy of the molecular spin-orbit coupling and the molecular rotation, sensitivities as large as 460 have been predicted. 74 For polyatomic species large amplitude motions can exhibit a high sensitivity to variations in µ. It has been shown that the tunneling inversion of the ammonia molecule have a relative sensitivity of -4.4 and -3.4 for the first and second inversion mode respectively. This sensitivity is significantly enhanced by exploiting near degeneracies between inversion and rotational levels in different isotopologues. 75, 76 Also internal rotations can exhibit significant enhancements of the sensitivity as predicted by.
77-79
Employing transitions in H 2 astronomic observations with the Keck telescope and the VLT variations of at red-shifts of 0.89. 82 The radio frequency absorption spectrum of methanol and ammonia from several astronomical sources lead to a constraint of ∆µ µ < 10 −7 .
84 Laboratory based limits on variations of the electronto-proton mass ratio have been be derived from comparing the hyperfine clock transition of cesium with ro-vibrational transitions of SF 6 .
83 By combining the measured frequency ratios between these transitions and taking a limits on the variations of the relative frequencies of the hydrogen maser and the cesium atomic clock into account a limit on the pure µ variation ofμ µ = (−3.8 ± 5.6) · 10 −14 yr −1 can be obtained. However, the currently most stringent constrain comes from the comparison of the transitions in Yb +63, 64 with the cesium atomic clock, as discussed in the previous section.
Conclusions
We have shown that a cosmological evolution of fundamental constants is something very natural within our current understanding of physics. Mechanisms very similar to those advocated to explain the inflation of our universe could give rise to such a cosmological evolution. We have stressed that it is crucial to differentiate between time variation and cosmological evolution. The former would imply a violation of Lorentz invariance which is severely constrained by experiment, while the latter is something we naturally expect to take place when scalar fields role down a potential before settling down in its minimum. In that sense, a cosmological evolution is linked to the question of initial conditions of our universe: where does the scalar field sit at the time of the big bang. The flatness of the potential determines how long the scalar field will role before settling down. We have shown that a cosmological time evolution of the unification condition for the gauge couplings of a grand unified theory could naturally occur and explain why LEP did not measure a perfect numerical unification of the gauge couplings of the standard model. We then reviewed the well known fact, namely that a cosmological evolution of the electron-to-proton mass ratio would enable one to probe the nature of the grand unified theory by performing only low energy measurements.
On the experimental physics side, we have shown that to isolate the variation of a fundamental constant the results of several measurements have to be combined. Thus by comparing the transition frequencies of Al + and 199 Hg + or the transition frequencies of the quadrupole and octupole transition within Yb + limits on pure α variations can be found. This shows that it is important to collect data from a multitude of different systems to extract the possible variation of specific fundamental constants. This is also helpful to eliminate effects of the specific models that are used to describe the dependence of transitions from particular constants. Combining astronomical observations with laboratory measurements provides insight into the underlying mechanism of the potential change of fundamental constants. As pointed out in the first part of this article, there are compelling models which associate a change in some fundamental constants on cosmological time scales with the inflation phase of the universe. With long look back times astronomical observations are best suited to observe remnants this effect as well as possible regions in the universe where the fundamental constants may have other values. On the other hand laboratory experiments may, due to their high accuracy, be able to detect these effects even today if the scalar fields which fix the values of fundamental constants are still rolling down their potentials today. Furthermore, laboratory experiments could detect changes due to other mechanisms, some of which predict oscillatory behaviors of the fundamental constants on short time scales see e.g. 85 where time variation effects due to dilaton dark matter were discussed or 86, 87 where topological defects were identified as a possible source of time variation of fundamental constants. Finally, an interesting potential correspondence between the time variation of the QCD scale and the vacuum energy density of an expanding universe has been discussed in. 88 There are thus several plausible mechanisms which could lead to a time variation of fundamental constants and it is important to build experiments to probe their constancy as accurately as possible.
